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DYNAMIC POWER CONTROL IN
INTEGRATED CIRCUITS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority under 35 USC §119(a) to

Finnish Patent Application No. 200123535 filed on Dec. 20,
2001.

FIELD OF THE INVENTION

The present mvention relates to a method for dynamic
power control to minimize the power consumption in inte-
grated circuits, particularly 1n application specific integrated
circuits (ASIC). The imvention also relates to a power
control system implementing such a method.

BACKGROUND OF THE INVENTION

Integrated circuits (abbreviated 1C) are widely used in the
implementation of various electronic devices. In a number
of applications, for example 1n mobile stations or other
battery-operated compact and portable devices, the power
consumption ol integrated circuits contained in the devices
1s a very essential factor to be considered 1n the design and
implementation of the devices. Low power consumption
makes e.g. longer operating times possible without increas-
ing the physical size of the devices.

In ASIC circuits, as well as 1n other integrated circuits, the
power consumption can be either static or dynamic in nature.
In this context, static power consumption refers to the power
consumption of the circuit 1n a situation, in which the circuit
1s 1n the idle state, not executing any actual functions but
with the operating voltage turned on. In a corresponding
manner, dynamic power consumption refers to the power
consumption when the circuit 1s executing its functions. The
quantity of dynamic power consumption varies according to
the functions executed by the circuit at the time.

The static power consumption of ASIC circuits 1s largely
determined by the processing technique used in the manu-
facture of the circuits, and thus 1t cannot be significantly
influenced by the design of the functionality of the circuits.
In circuit designing, determining the functions to be
included 1n the ASIC circuit being designed, 1t 1s, however,
possible to significantly influence the dynamic power con-
sumption of the circuit. In principle, the most important
tactors on the power consumption of the ASIC circuit are the
capacitance, the operating voltage, and the clock frequency
of the circuit. In the design, the capacitance 1s determined
¢.g. on the basis of the surface areas of the components to be
implemented on the circuit, and the capacitance of the circuit
cannot be influenced at a later stage during the actual use of
the circuit. However, the operating voltage and the clock
frequency of the circuit can also be changed during the use,
wherein 1t 1s further possible to aflect the dynamic power
consumption of the circuit. It 1s thus an aim of the present
invention to control these last-mentioned parameters as
cllectively as possible, to minimize the dynamic power
consumption of the circuit in different use situations.

U.S. Pat. No. 5,910,930 describes a solution for dynamic
power control to minimize the power consumption 1 a
microprocessor which comprises several hardware units
with different functions. According to U.S. Pat. No. 35,910,
930 and the appended FIG. 1, each of said hardware units
107 involves, as an 1nput, a clock and control signal 103 and,
as an output, a powered-down mode enable signal 104. The
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operation of the hardware units 107, utilizing said signals, 1s
controlled by a clock and power management subsystem 100
included 1 the microprocessor and comprising a clock
generation and control logic 101 and a powered-down mode
register 102.

When a given hardware unit 107 activates 1ts powered-
down mode enable signal 104, the clock and power man-
agement subsystem 100 1s thus informed that said hardware
unit 107 1s ready for the transter to the powered-down mode.
By using signals 1035, 106, a register control logic 109 stores
information 1n the powered-down mode register 102 about
the type of powered-down mode 1n which the hardware unit
107 can be transferred. The clock generation and control
logic 101 will now combine the information included 1n the
signals 104 and 108 and transfer, by means of the clock and
control signal 103, said hardware unit 107 to the suitable
powered-down mode. In other words, the clock signal to be
transferred to the hardware unit 107 1s run down, or the
frequency of the clock signal 1s suitably lowered. When the
hardware unit 107 informs, by changing the state of the
powered-down mode enable signal 104, the management
subsystem 101 about 1ts need to restore the normal mode, the
control logic 101 will reset the clock signal to be transferred
to the hardware unit 107 to normal. If the hardware unit 107
needs to re-enter the powered-down mode defined in the
powered-down mode register 102, this will be effected by
reactivating the powered-down mode enable signal 104.

The advantages of the solution presented 1n U.S. Pat. No.
5,910,930 are based on the fact that the hardware unit 107
can quickly enter or leave the powered-down mode simply
by changing the state of the powered-down mode enable
signal 104. In other words, the clock generation and control
logic 101 1s implemented by means of logic circuits as a
combination logic, wherein the operation of said unit 101 1s
fast and does not require software operations.

In prior art, there are also known solutions implemented
by software and based on so-called state machines, 1n which
information about the states of different hardware units and
also the decision on directing the different hardware units to
a suitable powered-down mode are processed by program-
ming. However, state machines or the like, implemented by
soltware, have the drawback that they must be allocated
resources, such as a memory, on the itegrated circuit. The
use of state machines will also require that the processor unit
belonging to the system 1s kept active, which increases the
power consumption. Furthermore, the software processing
and storage of powered-down modes allowed for the states
and different hardware units 1n a system will significantly
increase delays upon turning the powered-down mode on
and off. This will cause problems particularly in such
solutions 1n which schedules are designed to be critical so
that the too late activation of a hardware unit from the
powered-down mode to the operating mode, or vice versa,
will 1interfere with other processes or hardware units 1n the
system by causing delays or actual malfunctions.

The above-presented dynamic powered-down solutions of
prior art have proven to be unsatisfactory, particularly in
solutions requiring very aggressive power saving but still
precisely predictable system response times. When using
solutions of prior art, particularly 1n more complex systems
comprising several hardware units, the delay times {for
“energizing” the system to operation from the powered-
down mode to a standby mode are very diflicult to predict
under changing conditions, wherein, to be on the safe side,
the system must be energized slightly in advance, betfore the
moment when the system should be ready for operation at
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the latest. Thus, when the system 1s ready for operation but
it does not yet execute any actual function, 1t unnecessarily
consumes energy.

An example of such an application 1s a battery-operated
mobile station, 1n which the mobile station should be able to
continuously keep its power consumption as low as possible
to maximize the operation time but at the same time,
however, be synchronized with a base station to maintain
readiness for operation.

SUMMARY OF THE INVENTION

It 1s an aim of the present mvention to provide a new
solution for dynamic power control to minimize the power
consumption in integrated circuits, particularly in applica-
tion specific integrated circuits, in such a way that the
above-presented problems of prior art are avoided by the
invention.

As known from prior art as such, also in the power control
system of the invention, the power control logic for con-
trolling the power saving of single hardware units 1s 1mple-
mented by means of a combinatorial logic using logic
circuits, to avoid extra delays as well as the consumption of
power and resources caused by software operations (state
machines or the like). On the basis of status data obtained
from a single hardware umt by means of a level sensitive
status signal, said control logic transiers said hardware unit
to a suitable powered-down mode which 1s defined in the
data stored 1n a powered-down mode register.

However, 1n a manner different from the state of art, the
energizing from the powered-down mode to the operating
mode 1s now, according to the mvention, effected via an
intermediate step, a so-called wake up mode, 1n a way that
will be described below.

According to the mvention, a single hardware unit waill
first inform, by means of a so-called first level sensitive
status signal, the power control logic about its need to enter
the wake up mode. After this, when the hardware umt
informs, by means of a so-called second level sensitive
status signal, the power control logic about the entry 1nto the
actual operating mode, the power control logic will transfer
the hardware unit to the operating mode, 1n which operating,
mode the hardware unit 1s now, after a known short delay,
ready to execute the desired function.

The essential 1dea of the invention 1s thus that the wake up
mode 1s formed between the powered-down mode and the
operating mode, which wake up mode 1s characterized 1n
that the transfer from the wake up mode to the actual
operating mode always takes place with a precisely known
short delay, and that the power consumption 1s, 1n any case,
always lower in the wake up mode than i1n the actual
operating mode. Preferably, the transier from the wake up
mode to the operating mode substantially takes place with-
out a delay, wherein after the activation of the second status
signal, said hardware unit 1s immediately ready to execute
functions.

The imnvention makes it possible to save power 1n a more
cellective and aggressive way than 1n solutions of prior art;
that 1s, the hardware units can be kept as long as possible in
the actual powered-down mode or in the wake up mode of
the mvention. By means of the invention, however, the
system response times remain known, because after the
activation of the second status signal, said hardware unit 1s
always ready for operation after a given delay with a known
duration of time. In difference to prior art, this also makes 1t
possible to execute functions which require precise execu-
tion 1n real time, 1n a faultless manner, because as said delay
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1s now known, the delay can be taken into account in the
programming ol the operations of the system.

In an advantageous embodiment of the invention, the
entry of the hardware unit 1n the powered-down mode will
aflect not only the clock frequency but also the operating
voltage to be supplied to said hardware unit. This will further
reduce the power consumption 1n the powered-down mode.

From the point of view of the operation of the invention,
it 1s essential that said first and/or second status signals
transierred from the hardware unit to the power control
logic, and/or the so-called requirement signal transferring
information from the power control mode register to the
power control logic are level sensitive signals which are, by
means of their different voltage levels (corresponding to the
logical O and 1 states in digital binary logic), arranged to
continuously indicate the status of said data. Thus, the
control logic consisting of power control logic circuits will,
fast and without software intervention, react to changes 1n
the state of said signals and further control the power saving,
1.€. the clock frequency or operating voltage supplied to the
hardware umt, as required in each situation. The measures
requiring soltware intervention are substantially limited
only to the defining of powered-down modes to be stored 1n
advance i the powered-down mode register, which 1is
typically performed when the system is run up.

By means of the invention, 1t 1s possible, for example, to
provide ellective power saving functions on an ASIC circuit
without reducing the response times of the functions of said
circuit. By means of the invention, there 1s no need to
continuously maintain information about the operating state
of the system 1n a separate state machine or the like, whose
implementation, as known from prior art, requires a memory
and also other resources of the system. Consequently, the
invention significantly simplifies the structure and testing of
the system to be implemented, for example, on an ASIC
circuit, compared with solutions of prior art.

In the solution of the mvention, the operation of single
hardware units remains fully independent of each other
(asynchronic), and the hardware units are always activated
in the operating mode according to the need; therefore, this
will significantly facilitate the programming of the functions
included in the system. Also, when the functions of the
system are being determined by programming, 1t 1s now easy
to take into account the known delay times for the transier
of the hardware units from the wake up mode to the
operating mode.

The following, more detailed description of the invention
with examples will more clearly 1llustrate, for anyone skilled
in the art, advantageous embodiments of the invention as
well as advantages to be achieved with the invention in
relation to prior art.

DESCRIPTION OF THE DRAWINGS

In the following, the mvention will be described 1n more
detail with reference to the appended drawings, in which

FIG. 1 shows the solution of prior art for controlling the
power saving ol a hardware unit,

FIG. 2 shows, in principle, an embodiment of the power
control system according to the invention, and

FIG. 3 shows, in principle, an embodiment of the power
control logic according to the invention.
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DETAILED DESCRIPTION OF TH.
INVENTION

(L]

FIG. 1 has already been discussed above 1n the description
of prior art.

FIG. 2 shows a system which 1s preferably implemented
on a single ASIC circuit and comprises several hardware
units 201-203, a power control logic 204, as well as clock
frequency and operating voltage control units 205, 206. The
hardware units 201-203 as well as the power control logic
204 are connected to communicate via a bus 207.

According to the invention, each single hardware unit
201-203 can generate a first status signal 201a—203¢q and a
second status signal 20152035, which status signals are
transierred to the power control logic 204.

Furthermore, requirement signals 201c-203¢ are trans-
terred to the power control logic 204, transmitting informa-
tion from a power control mode register 208 to the power
control logic 204. The power control mode register 208
contains information for each hardware unit 201-203 about
the clock frequency and/or operating voltage to be generated
to the single hardware unmit in the powered-down mode. In
other words, for example the requirement signal 201c
informs the control logic 204 about the requirements of the
clock frequency and/or the operating voltage determined for
the hardware unit 201 in the powered-down mode. In a
corresponding manner, the requirement signal 202¢ trans-
mits information about the requirements of the hardware
unit 202 in the powered-down mode.

According to one embodiment of the mnvention, the sys-
tem of FIG. 2 operates in the following way.

In connection with turning on of the system or another
change of operating mode, the first step 1s to define the
powered-down modes for each hardware unit 201-203,
which are stored by the hardware unit 203, 1.¢. the processor
unit 203, 1in the powered-down mode register 208. In the
mode register 208, this data 1s stored 1n a memory location
which 1s separately allocated for each hardware umit
201-203 and illustrated 1n FIG. 2 i principle with broken
lines within the mode register 208. The level sensitive
requirement signals 201c-203¢ are now set to indicate, by
means of their voltage level, the state of the data stored in
said mode register 208 by means of programming.

In the simplest case, only one binary requirement signal
201c-203¢ 1s used for each hardware unit 201-203, as
shown 1n FIG. 2, wherein only two separate states can be
defined for each hardware unit. In this case, the logical O
state of the requirement signal can, for example, indicate
that no powered-down mode 1s defined for said hardware
unit, and the logical 1 state of the requirement signal
indicates that a given powered-down mode 1s defined.

We shall first discuss the situation solely from the point of
view of the hardware unit 201. The first status signal 201a
and the second status signal 2015, transferred from the
hardware unit 201 to the power control logic 204, are signals
to be transierred along separate signal lines which can thus
obtain the value of logical O or 1.

When the requirement signal 201c¢ indicates, by a value
different from the logical O state, that a given powered-down
mode 1s defined for the hardware umit 201, and, 1n a
corresponding way, when the first status signal 201q and the
second status signal 20156 indicate that said hardware unit
201 1s i1dle and thereby free to enter the powered-down
mode, the logic circuits contained 1n the control logic 204
are arranged to combine said signals 201a, 2015, 201¢c 1n
such a way that the control logic 204 controls, by means of
control signals 209, 210, the clock frequency and operating
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6

voltage control units 205, 206 to generate the clock 1re-
quency and the operating voltage corresponding to said
powered-down mode, to the hardware unit 201. When any of
the signals 201a, 2015 or 201¢ changes 1ts logical state, the
control logic 204 will immediately change the state of the
control signals 209, 210 respectively. Thus, the hardware
umt 201 will always be supplied with the clock frequency
and the operating voltage required by it at the time.

In a situation in which the value of the requirement signal
201¢ 1s logical zero, that 1s, no powered-down mode 1is
defined for the hardware unit 201, the value of the status
signals 2015, 201¢ will have no effect and the control logic
204 will not transfer the hardware unit 201 to a powered-
down mode.

When the hardware unit 201 1s in the powered-down
mode and the hardware unit 201 indicates the state of the
first status signal 201a by changing 1ts need to exit the
powered-down mode and to enter the wake up mode, the
power control logic 204 will react to the change i1n the
logical state of said signal 201a by changing the state of the
clock frequency and operating voltage control units 205, 206
in such a way that when the hardware unit 201 further
activates 1ts second status signal 2015, the hardware unit 201
will, according to the invention, be transferred, with a
known short delay or substantially without a delay, to the
actual operating mode.

In the above-mentioned wake up mode, after the first
status signal 201a has been activated, the control logic 204
can be arranged, by means of the control units 205, 206, ¢.g.
to activate the crystal oscillator of the system and the logic
supplying the frequency of the crystal oscillator with the
desired clock frequency, as well as to activate the operating
voltage of the hardware unit 201. However, for example the
clock signal to be transferred to the hardware unit 201 1n the
actual operating mode can be enabled until the hardware unit
201 informs, by means of the second status signal 2015, of
a need to enter the actual operating mode. In this way, the
power consumption of the system 1s kept low, but the system
1s ready to exit the wake up mode and to enter the operating
mode fast and with a known delay.

The system of FIG. 2 can be implemented so that each
single hardware unit 201-203 can be separately supplied
with the clock frequencies and operating voltages required
by them each time. Thus, the power control logic 204 meets
the individual requirements of each hardware unit 201-203
in the same way as presented above for the hardware unit
201.

However, 1t 1s typical that the integrated circuit, for
example an ASIC, comprising the system of FIG. 2 cannot
be used to supply different clock signals or operating volt-
ages to the different hardware units 201-203, but the whole
system 1s arranged to use the same operating voltage or
clock signal(s). Thus, the power control logic 204 combines
all the status signals 201a—203q, 20152035 and the require-
ment signals 201¢—203¢ 1n such a way that the control of the
clock frequency and operating voltage control units 205, 206
1s performed by selecting the “highest” of the prevailing
requirements; 1n other words, the clock frequency and the
operating voltage of the system are set to meet the needs of
the most active hardware unit 201-203.

FIG. 3 illustrates, 1n principle, the functions of the power
control logic 204 1n said situation, in which several (N)
parallel requirement signals 201¢-203¢ are used for each
hardware unmit 201-203. The use of several parallel require-
ment signals for one hardware unit makes 1t possible to
define several powered-down modes of different levels for
said hardware unit 1n the mode register 208 (not shown). The
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different levels of the powered-down modes vary with
respect to the clock frequency and/or operating voltage
required by the hardware umt, wherein different power
savings are achieved with said modes.

The control logic 204 shown i FIG. 3 1s arranged to
generate the signals 201a—203a, 20152035 and 201¢c-203¢
by combining the control signals 209, 210 used in the
control of the control units 205, 206 (not shown 1n FIG. 3)
in such a way that said control signals 209, 210 are generated
to meet the needs of the hardware unit with the highest
requirements (power demand). Thus, 1n FIG. 3, the signals
301-303 within the control logic 204 correspond to the
demand of each hardware unit 201-203, of which the
selection logic 304 1s further arranged to select the highest
demand to generate the control signals 209, 210.

In a way characteristic to the invention, each hardware
unit generates 1ts first and second status signals indepen-
dently. The processor unit 203 included 1n the system can,
for example, inform the hardware unit 201 about an opera-
tion which the hardware umt 201 should execute at a given
moment of time. If the processor umt 203 itself 1s then 1dle,
the processor unit 203 can also enter the powered-down
mode by changing the state of its status signals 203a, 2035.

On the basis of said information, the hardware unit 201
starts an internal event counter whose operation will be
described as follows. After receiving information about a
future event from the processor unit 203, the hardware unit
201 starts a so-called first counter and then enters the
powered-down mode, 1n which preferably all the other
tfunctions of the hardware umt 201 except said first counter
are turned off. To save power, the counter function can be
arranged to operate by means of a decelerated clock signal
and/or a lowered operating voltage. The 1nitial value stored
by programming in the {first counter 1s a value which
corresponds, from the starting moment of the first counter,
to the period of time, after which the hardware umt 201
should enter the wake up mode according to the invention.
In other words, after the value of the first counter has been
counted from the initial value down to zero, the hardware
unit 201 generates the first status signal 201, wherein the
power control logic 204 transiers the hardware unit 201 to
the wake up mode according to the invention. In the hard-
ware unit 201, this event will now start a so-called second
counter, 1n which, in the corresponding way, the stored
initial value 1s the value which corresponds, from the
starting moment of the second counter, the period of time,
alter which the hardware umt 201 must be 1n the operating
mode. After the second counter has counted down to zero,
the hardware unit 201 generates the second status signal
2015, wherein the power control logic 204 transfers the
hardware unit 201 to the operating mode.

In the operating mode, the hardware unit 201 1s 1mmedi-
ately ready to process the required operation, which may
take place, for example, 1n such a way that the hardware unit
201 transmits an mterrupt message to the processor unit 203,
after which the processor unit 203 executes the required
service. The processor unit 203 has, independently by means
of 1ts own 1nternal counter function, activated its own status
signals 1n such a way that also the processor unit 1s 1n the
operating mode at the same time as the hardware unit 201.

According to the ivention, the initial value to be pro-
grammed 1n the second counter must thus be at least equal
to or slightly higher than the time required for the transfer of
the hardware unit from the wake up mode to the operating,
mode.

By programming the imitial value of the second counter in
a suitable way, it 1s, according to the invention, possible to
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secure that the hardware unit 1s transferred from the wake up
mode to the operating mode with a known delay, and the
readiness of the hardware unit to operate at a given moment
of time can thus always be secured.

Consequently, it 1s an essential advantage of the invention
that the invention makes aggressive power saving possible at
the same time when it secures in all situations that the
system 15 energized to the operating mode with a delay
which 1s precisely known in advance. In the solution accord-
ing to the invention, the operation of diflerent hardware units
remains independent of each other and the programming of
the functions of the system becomes significantly easier,
because 1n the programming, 1t 1s possible to take into
account the known delay times for the transfer from the
wake up mode to the operating mode.

By means of the invention, there 1s no need to maintain
information about the status of the different hardware units
in the system, by using for example a processor and a state
machine. Thus, also the processor unit can be 1 the pow-
ered-down mode for a maximum time. The operation of the
hardware based control logic 204 implemented with logic
circuits 1s fast and mnvolves no delays, enabling a fast and
faultless operation.

By combining the modes and system structures presented
in connection with the above embodiments of the invention,
it 1s possible to provide various embodiments of the inven-
tion which comply with the spirit of the invention. Therefore
the above-presented examples must not be interpreted to
restrict the invention, but the embodiments of the invention
can be {freely varied within the scope of the inventive
features presented 1n the claims hereinbelow.

The mvention claimed 1s:

1. A method for dynamic power control 1n an electronic
system 1mplemented on an integrated circuit, which elec-
tronic system comprises at least one hardware unit, a hard-
ware based power control logic implemented using logic
circuits and a programmable power control mode register
containing information about powered-down modes defined
for said hardware units, in which method

a single hardware unit transmits, by means of a hardware-

unit-specific level-sensitive status signal, information
about 1its activity to the power control logic,

the power control mode register transmits, by means of a

hardware-unit-specific level-sensitive requirement sig-
nal, mnformation to the power control logic about the
powered-down mode defined 1nto said mode register by
programming, wherein

the power control logic combines said status signal and

said requirement signal and, on the basis of this,
transiers said hardware umt from the powered-down
mode to the operational mode by influencing the clock
frequency, or the clock frequency together with the
operating voltage to be supplied to said hardware unit
by a clock frequency control unit and an operating
voltage control unit,

wherein to transfer a single hardware unit from the

powered-down mode to the operational mode, said
hardware unit transmits to the power control logic

a first level-sensitive status signal for transferring said

hardware unit from the powered-down mode to a wake
up mode, and further

a second level-sensitive status signal for transferring said

hardware unit from the wake up mode to the actual
operational mode.

2. A power control system for dynamic power control in
an electronic system implemented on an integrated circuit,
which electronic system comprises at lease one hardware
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unit, a hardware based power control logic implemented
using logic circuits, and a programmable power control
mode register containing mformation about powered-down
modes defined for said hardware unit, mm which power
control system
a single hardware unit 1s arranged to transmit, by means
of a hardware-unit-specific level-sensitive status signal,
information about its activity to the power control
logic,
the power control mode register 1s arranged to transmit,
by means of a hardware-unit-specific level-sensitive
requirement signal, information to the power control
logic about the powered-down mode defined into said
mode register by programming for a single hardware
unit, wherein
the power control logic 1s arranged to combine said status
signal and said requirement signal for transferring said
hardware unit from the powered-down mode to the
operational mode by influencing the clock frequency,
or the clock frequency together with the operating
voltage to be supplied to said hardware umit by a clock
frequency control unit and an operating voltage control
unit,
wherein to transfer a single hardware unit from the
powered-down mode, said hardware unit 1s arranged to
transmit to the power control logic
a first level-sensitive status signal for transierring said
hardware unit from the powered-down mode to a wake
up mode, and further
a second level-sensitive status signal for transferring said
hardware unit from the wake up mode to the actual
operational mode.
3. The power control system according to claim 2,
wherein the first and second hardware-unit-specific level-
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sensitive status signals as well as the hardware-unit-specific
requirement signal are all binary digital signals, which
signals have two different logical states, O and 1.

4. The power control system according to claim 3,
wherein several parallel binary requirement signals are used
to define several powered-down modes for one hardware
unit.

5. The power control system according to claim 2 wherein
the power control logic 1s arranged to individually meet the
requirements of each hardware unit with respect to the clock
frequency and/or operating voltage.

6. The power control system according to claim 2,
wherein the power control logic 1s arranged to combine the
first and second status signals ofseveral hardware units, and
to supply all of said hardware units with the same clock
frequency/frequencies and/or operating voltage/voltages
according to the requirements of the most active hardware
unit.

7. The power control system according to claim 2,
wherein the single hardware umt comprises means for
activating said first and second status signals at a moment of
time which has been predetermined by software.

8. The power control system according to claim 7,
wherein said means are arranged to operate at a reduced
clock frequency and/or at a reduced operating voltage.

9. The power control system according to claim 2,
wherein the power control system 1s arranged to be used 1n
application specific itegrated circuits (ASIC).

10. The power control system according to claim 2,
wherein the power control system 1s arranged to be used in
a mobile station.
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